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Introduction
loop between helices TM2 and TM3 that participate in substrate permeation. The only 90 structures available till date are two homology models. One model was constructed using 91
ApcT crystal structure(14). Another xCT modeled structure was reported recently (43) where 92 human xCT structure was mapped onto the modeled structure of homologous fungal cystine 93 transporter, CgCYN. With the advancement in membrane structural biophysics and 94 crystallography, the transporters have been captured in different conformational states, 95
suggesting that there are several conformational states accessible to these transporters as they 96 switch accessibility from one side of the membrane to the other (44-52), and are now thought 97 to operate by a common "alternating access" model(53, 54). This implies that there are still 98 
Identification and modeling of transmembrane (TM) region of xCT 123
Human xCT sequence was retrieved from NCBI, and an initial topology prediction was carried 124 out using Constrained Consensus TOPology (CCTOP) server(73), which utilizes ten topology 125 prediction methods: HMMTOP, MemBrain, Memsat, Octopus, Philius, Phobius, Pro, Prodiv, 126
Scampi, ScampiMsa, and TMHMM in combination with the topology information from 127 PDBTM, TOPDB, and TOPDOM databases using the probabilistic framework of hidden 128
Markov model (Fig SI1) . xCT was predicted to be a 12-transmembrane helical protein with N-129 and C-termini located inside the cell. Sequence spanning transmembrane region (residues 45 130 to 512) was submitted to HHPred server against PDB structures for homology detection, and 131 two templates, ApcT (PDb id:3GIA)(74) and AdiC (PDb id:5J4I)(75) were selected using 132
HHblits multiple sequence alignment method (76) . Transmembrane region of xCT showed 133 ~51% sequence similarity with both ApcT (E value:2.2e-32) and AdiC (E value:1.9e-32) (Fig  134   SI2 for any amino acid transporter is that of GadC(77). However, the reported structure consists of 138 C-terminal fragment (C-plug) whose displacement is requisite for GadC transport activity. In 139 absence of such information for xCT, we decided not to opt for GadC as template for this study. 140
Comparative modeling of TMD region of xCT spanning residues 45 to 512 including TMD 141 helices and connecting loops was carried out based on multiple sequence alignment of these 142 two templates using Modeller9v15(78). Two representative models corresponding to the two 143 templates were selected from the collection of 5000 models built by Modeller, based on the 144 evaluation of discrete optimized protein energy (DOPE) potential. The models were further 145 subjected to loop refinement module of Modeller9v15 to refine the connecting intracellular and 146 extracellular loops, and energetically favorable models were selected among the 1000 147 generated models based on the DOPE score. Thus, two models of xCT have been generated 148 using two different templates in different conformational states of access cycle herein referred 149 as Model_Cioc (template structure: 3GIA), and Model_Cout (template structure: 5J4I) (Fig.  150   SI3) . 151
152 Minimization and refinement of modeled structure using MD in explicit membrane 153
The selected models were minimized further to obtain stable structures using Molecular 154 dynamics simulations. Simulation setup with model inserted into a heterogeneous fully 155 hydrated bilayer of size 85Åx85Å, consisting of lipids as well as cholesterol molecules, was 156 obtained using CHARMM-GUI(79) using CHARMM36m forcefields(80) for lipids as well asprotein. Prior to membrane insertion, we calculated rotational and translational positions of 158 xCT models in membranes using PPM server(81), and the obtained orientation was used for 159 positioning within lipid bilayer in CHARMM-GUI. The constituents of lipid bilayer were 160 selected in order to mimic the human brain barrier membrane environment(82) -161 DPPC(5%):POPC(20%):POPE(15%):POPS(5%):POPI(5%):PSM(30%) lipids with 162 cholesterol (20%). The structures were then solvated with TIP3P water molecules, followed by 163 addition of K + and Cl -ions for 0.15M concentration. The assembled simulation system 164 consisted of ~90,000 atoms. The biomolecular systems were simulated using NAMD (83). 165
Minimization was carried out for 10000 steps, and system was equilibrated for 0.5 ns, while 166 slowly releasing the collective variable restraints to facilitate stable simulation. Finally, 167 structure was further simulated without any restraints for 5ns at a constant temperature of 303K 168 using Langevin thermostat with damping coefficient of 1 ps -1 , and constant pressure of 1atm 169 using semi-isotropic Nose-Hoover Langevin piston pressure control with oscillation period of 170 0.05ps and oscillation decay time of 0.025ps. The van der Waals interactions were smoothly 171 switched off at 10-12Å by a force-switching function, and long-range electrostatic interactions 172 were calculated using particle mesh Ewald method(84). All bond lengths involving hydrogen 173 atoms were fixed using SHAKE algorithm, enabling the use of 2fs time step. The final obtained 174 structures were then used for targeted molecular dynamics. 175
176

Targeted molecular dynamics between two modelled conformations 177
Targeted Molecular Dynamics (TMD) simulation(85) was employed to accelerate the 178 conformational transitions by means of steering forces. The form of the force applied is 179 
Generation of transition pathway and obtaining representative structures 199
In order to observe the underlying dynamics of TMD, we carried out principal component 200 analyses using Gromacs2016(86) to observe the conformation sampling of all the trajectories 201 during the two cycles. We pooled in all the conformations for both cycles by concatenating the 202 trajectories, and calculated the eigenvectors using covar module, and projected the 203 conformations of each cycle onto these eigenvectors using anaeig module. All heavy atom 204 protein coordinates from the TMD trajectories obtained during both the cycles were submitted 205 for clustering analysis using kmeans algorithm of cpptraj (87) module of AMBERTools17(88). 206
Clustering was carried out on C atoms of residues 45 to 472 till 10 clusters are obtained and 207 representative structures best fit to the cluster averaged structure were also obtained. These 208 representative structures were used for docking purposes later. 209
210
Docking of modeled structures with ligands 211
Coordinates of 10 representative structures obtained after clustering were used as receptor 212 structures for docking. For ligands, coordinates for anionic L-cystine and L-glutamate were 213 obtained from PubChem database (https://pubchem.ncbi.nlm.nih.gov) in sdf format. Binding 214 site analysis was done by docking using AutodockVina(89), a computational docking program 215 installed as plugin in PyMol(90). Since xCT is an antiporter, simultaneous efflux of glutamate 216 and influx of anionic cystine is also possible. Therefore, we considered docking substrates first 217 as single ligand docking and then docked both ligands. 218 anionic cystine and glutamate. These xCT conformations were embedded in lipid bilayer 244 and simulated for 20ns using similar protocol as for modelled xCT conformations. The 245 ligand docked xCT simulated systems are summarized in Table 2 . to Model_Cout. All the conformations were clustered based on these two parameters using 276 density based (dbscan) clustering program (94)implemented in R. DBSCAN is a partitioning 277 method, and can find out clusters of different shapes and sizes from data containing noise and 278 outliers. The algorithm requires to specify the optimal eps value and minimum points 279 parameter, MinPts. The optimal eps parameter required for each clustering was determined by 280 computing the k-nearest neighbor distance in a matrix of points. The respective conformations 281 best fit to the centroids were also obtained. 282
283
Calculation of water molecules within the substrate translocation pathway 284
We computed total number of water molecules present within the translocation pathway in 285 presence of ligands using VMD1.9.3. The variation of number of water molecules with respect 286 to the normalized rmsd difference as defined above was analyzed. To ensure the placement 287 within the channel, any water molecule that is within 4.0Å of center of TM core is counted. 288 289 290
Results
291
Homology modeled structures of xCT in two distinct conformations of transition cycle 292
In the absence of a crystal structure of any cystine transporter, we built homology model of 293 human cystine transporter xCT based on crystal structures of transporters that were expected 294 to have similar folds. For building such a model, comparative analysis of xCT sequence using 295 CCTOP server predicted the overall topology of the transporter to consist of 12 transmembrane 296 domains. Based on the region spanning the transmembrane domain region (residues 45 to 512) 297 two templates with 51% sequence similarity were identified for modeling using HHPred: ApcT 298 (broad-specificity proton-coupled amino acid transporter from M. jannaschii) and AdiC (an 299 arginine/agmatine antiporters of E. coli). This was followed by modeling of the transmembrane 300 (TM) region of xCT using Modeller9v15. 301
Crystal structures of these two transporters have similar structural core LeuT-fold of 302 APC transporters which consists of two intertwined 5-TM-helix repeats (TMs 1-5 and TMs 6-303 10) sharing a two-fold inverted pseudo symmetry(95). The two templates are in different 304 conformational state of substrate transport cycle. ApcT structure is reported in substrate free 305 inward facing occluded in pdbid:3GIA. AdiC is reported in substrate free outward facing state 306 in pdbid:5J4I. The overall structure of xCT modeled on the above two templates reveals an 307 overall cylindrical shape with 12 transmembrane helices with short extracellular and 308 cytoplasmic loops and intracellular amino and carboxy termini (Fig. 1) . In two models, the 12 309
TMs are arranged in two intertwined V-shaped inverted repeating units (TMs 1-5 and TMs 6-310 10), followed by TMs 11 and 12. Our models are in line with the biotinylated experiments that 311
proposed the first topological model for xCT of 12 transmembrane domains with the N and C 312 termini located inside the cell(40). For the inward occluded model, we observe that the 313 intracellular loop IL23 between TM helices 2 and 3 occludes the intracellular site, and this loop 314 is believed to be involved in substrate permeation pathway(40). The modelled structures were 315 then embedded in heterogeneous lipid bilayer and further refined using unrestrained molecular 316 dynamics simulations. Superposition of the simulated model structures with the templates have 317 been shown in Fig SI3. All the models reveal a cavity lined by residues of TM1, TM3, TM6, 318 TM8, and TM10 helices. These five transmembrane helices form the substrate translocation 319 channel and the cavity was assessed to be large enough to accommodate the substrates, and 320 therefore, the probable ligand binding sites (Fig. SI4) . Based on the template used and cavities 321 within channel visualizations using HOLE suite of programs, we termed as Model_Cioc and 322
Model_Cout. The former is modeled using ApcT structure (PDB:3GIA), and the latter is 323 modeled using AdiC structure (PDB:5J4I) as templates. 
Transition between two modeled xCT conformations using targeted molecular dynamics 332
xCT is an antiporter and like any other transporters, will have to go through various 333 conformational cycles transporting substrates in and out. We generated two models of xCT 334 transporter in two distinct conformations of substrate transport cycle. The template crystal 335 structures were obtained in absence of ligands, and thus, the models obtained are representative 336 of substrate-free states. 337
We employed several targeted molecular dynamics (TMD) simulations to drive one 338 conformation to another and the variation of root mean square deviation with respect to time 339 is shown in Fig. SI5 . We investigated relative motions of transmembrane domain during TMD 340 simulations using principal component analysis (PCA)(96). We pooled in all the conformations 341 obtained during TMD simulations; and obtained the corresponding eigenmodes and 342 eigenvalues. The eigenmodes associated with the largest eigenvalues have the largest 343 contribution to the dynamics. The first three eigenmodes reflected majority of the motions 344 during the trajectory, accounting for ~75% of the significant fluctuations. We analyzed the time 345 behavior and distribution of the motions performed by the first top modes by projecting the 346 conformations obtained during two cycles of transition: Cycle I and Cycle II. As can be seen 347 from the two-dimensional scatterplots between principal components: PC1, PC2, and PC3 ( Fig.  348   2A) 
Docking of ligands within the translocation channel of intermediates 393
We selected ten representative structures from the ensemble of intermediates conformations 394 obtained for both transition cycles and docked with the substrates. Since xCT is an antiporter 395 that exports glutamate and imports cystine, we considered following probable scenarios for 396 substrate translocation from intracellular to extracellular side or vice versa: 397 a) Bimodal transport: xCT undergoes transition from inward-facing to outward facing 398 conformation and transports intracellular glutamate out. This is followed by another transition 399 from outward facing to inward-facing conformation as extracellular cystine is transferred 400 inside the cell. 401 b) Unimodal transport: xCT transports both cystine and glutamate substrates in opposite 402 directions in one cycle while undergoing transition from inward-facing to outward-facing or 403 outward-facing to inward-facing. 404
For the first scenario, we docked the intermediates with single substrate either cystine 405 or glutamate and visualized the ligand binding pockets and identified the interacting residues 406 within the transporters. For the latter scenario, we docked these single-substrate bound 407 structures with another substrate and visualized the dual ligand binding interactions. 408
Probable bimodal transport of ligands 409
We analyzed the cavities within intermediate structures using HOLE program and docked 410 anionic cystine or glutamate substrates to these cavities. 500 docked conformations were 411 structures. The latter will hint whether the transporter structure is close to inward-facing 426 occluded model (Model_Cioc) or outward-facing state (Model_Cout). All the docked 427 conformations were clustered based on these two parameters using density based dbscan 428 clustering method, and obtained representative structures corresponding to unique clusters for 429 ligand bound structures (Fig. 4) 
Probable unimodal transport of ligands 448
In a unimodal scenario, extracellular cystine intake is mediated by simultaneous exchange of 449 intracellular glutamate. From the dual docked simulations, we observed that the cavity within 450 the translocation channel is wide enough to bind both the ligands and transport side by side. 451
We clustered the bound conformations based on the z-component of distance between the 452 ligands, and normalized rmsd difference (Fig. 5) 
Probable amino acids critical for ligand binding 479
We observed the interactions of the ligands with the amino acids of transporter protein and 480 found that similar residues are mostly involved in interacting both anionic cystine and 481 glutamate (Fig. 6) . Most of the interacting residues belong to transmembrane helices: TM1, 482 TM3, TM6, TM8, and TM10. For the intracellular loop (IL2), H110 was proposed to lie close 483 to the permeation pathway, and we do observe that in docked conformations, ligands especially 484 cystine forms weaker interaction with H110. For the extracellular loop (EL1), we observe that 485 two residues Q71 and N72 forms transient interactions with both the ligands, and cystine forms 486 further weak interactions with EL4 with residues L298 to N301. These may act as meeting 487 points for ligands from the extracellular site. Experimental evidence(41) shows that C327 lies 488 close to substrate permeation pathway, and our results do show intermittent interactions of 489 ligands with C327. Experimental mutagenesis data for human xCT is lacking. There is 490 experimental mutagenesis evidence of cystine binding in the homologous fungal cystine 491 transporter, CgCYN1(43); where mutations critical for cystine binding in CgCYN1 were 492 observed; and mapped onto the modelled structure of human xCT. The study suggests that 493 residues F146, A247, G333, L389, and V404 are essential for substrate binding. Our interaction 494 analysis indicated that these residues or their neighboring residues form strong and pertinent 495 interactions with both cystine and glutamate. In addition, we observed that ligands form strong 496 
Water molecules within the channel 511
We observed that during the ligand-docked simulations, the water molecules enter the channel 512 and occupy places along with the ligands. We thus analyzed the total number of molecules 513 within the substrate permeation channel. To ensure the placement within the channel, any water 514 molecule that is within 4.0Å of center of TM core is counted. xCT is an antiporter that exchanges intracellular glutamate to take up extracellular cystine. 534
Based on its sequence similarity with other transporters, we generated two human xCT models 535 in two different conformations: inward facing occluded state; and outward facing state. For 536
Model_Cioc, the inward face is observed to be occluded by intracellular loop between helices 537 TM2 and TM3. Both models adopted similar LeuT-fold with 12 transmembrane helices 538 arranged in two intertwined V-shaped inverted repeating units (TMs 1-5 and TMs 6-10), 539 followed by TMs 11 and 12. Comparative analysis of these models suggested presence of 540 substrate translocation channel of cylindrical shape formed by five helices TM1, TM3, TM6, 541 TM8, and TM10. 542
We further carried out conformational transitions using targeted molecular dynamics 543 simulations from one model to another as end points, and vice versa. Series of TMD 544 simulations were run for shorter and longer timescales; and suggested that the majority of the 545 conformational change is effected by the residues in loops and helices TM11 and TM12. Rest 546 of the helices show considerably less effect, indicating the binding cavity for the channel is 547 maintained during the conformational transition. We then identified the intermediates during 548 the transition simulations based on clustering analysis; and docked them with the ligands to 549 understand the ligand binding. For xCT being an antiporter, two scenarios seemed feasible. In 550 first scenario, intracellular glutamate is effluxed out, and then extracellular cystine is taken in; 551 or vice versa. In second scenario, as intracellular glutamate in effluxed out, extracellular cystine 552 is simultaneously taken in. So, we did two docking studies: first with single ligands, and second 553 with both the ligands. 554
All the docked conformations were simulated to allow ligands to explore 555 conformational space within the channel. These conformations were then clustered to identify 556 the conformations that uniquely represent the placement of ligand within the channel as the 557 xCT adopts certain conformation. There were conformations observed where the ligands are 558 placed near the extracellular site. In case of single ligand binding (bimodal transport), these 559 conformations can be marked as; when the extracellular cystine is taken in (as represented by 560 Cluster#6 in Fig. 4A ) and when the intracellular glutamate is transported out (as represented 561 by Cluster#8 in Fig. 4B We also investigated the interactions of ligand with the xCT. Both ligands seem to bind 573 similar residues, specifically those belonging to helices TM1, TM3, TM6, TM8, and TM10. 574
These interactions were then categorized based on their occurrence during all the ligand bound 575 simulations, and the critical residues for ligand binding were observed. Though, human xCT 576 mutagenesis data is lacking, but mutagenesis study of homologous fungal transporter, 577
CgCYN(43) suggested that mutating similar residues in CgCYN resulted in severe defects in 578 transporter functioning. The proximity of C327 belonging to TM8 to the substrate permeation 579 pathway was observed experimentally(41), and we do observe its intermittent interactions with 580 the ligands in our docked conformations. We also observed the presence of water molecules 581 within the channel along with the ligands. and outward open state. The conformational changes during the dynamics were studied, and 592 intermediate structures were identified. The latter were used for docking studies where anionic 593 cystine and glutamate were docked either alone or in combination. We observed that the 594 ligands bind within the translocation channel formed by helices TM1, 3, 6, 8 and 10; and similar 595 residues interact with the ligands. These residues map well to the experimentally known 596 important residues important for ligand binding in human xCT or homologous fungal cystine 597 transporter, CgCYN. 598 xCT conformations, red colored triangles denote water molecules for cystine-only docked xCT 943 conformations, and black stars denote water molecules for both glutamate and cystine docked 944 xCT conformations. 945 946
